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Abstract  
Operating multipurpose reservoirs is difficult task due to the uncertain nature of involved pa-
rameters, this difficulty increases in arid and semi-arid regions where water systems designed 
to store water during short flood season and release it in later, furthermore, the associated in-
flow uncertainty complicates achieving the optimum operation decisions in real time, there-
fore, this paper handles these issues using the capability of fuzzy set theory that allows trans-
ferring the reservoir operators experience to mathematical forms. 
A stochastic simulation model has been used to derive the statistical inflow parameters in ad-
dition to comprehensive sedimentation and demands analysis to calculate the storage and re-
lease parameters, based on that, a Fuzzy Rule Based membership functions were designed 
taking into account different inflow, storage, and demands scenarios for Sennar and Sennar-
multi purposes reservoirs at Blue Nile-Sudan. 
The developed model shows good performance in terms of compromising the conflict be-
tween different design purposes such as irrigation, hydropower, and domestic supply during 
low flow season while presenting a good compromise between flood protection, filling, and 
emptying processes, moreover, the model reliability analysis shows significant improvement 
in hydropower generation between 1-12%  while satisfying the other demands with low short-
age probability percentage comparing to the applied reservoir operation policy. 
Keywords: Reservoir operation, Inflow scenarios, Statistical Parameters, ARMA model, 
Fuzzy rules, Membership functions, Optimum release 
1 Introduction 
Nowadays, past and real time events analysis is not enough only to assure the 
optimum performance of project; but also the outlook circumstances, however 
the lack of knowledge about future information and occurrence probability of 
unpredicted event increases correspondingly the uncertainty of decision making, 
therefore, in order to maximize the benefits and decrease the risks; particularly 
in water resources projects;   it’s important to handle this issue properly. 
The traditional way of dealing with uncertainty problems is probability theory, 
nevertheless, still there are many problems cannot be handled by this approach; 
for that reason, many researchers have tried to develop new techniques aims at 
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solving this problem appropriately. L. A. Zadeh has developed fuzzy mathemat-
ics in the 1960th  while Julong Deng developed grey systems theory in 1982, and  
Pawlak (1991) introduced the rough sets as a new methodologies attempting to 
overcome the complexities of probability theory through focusing on the study 
of problems involving small samples and poor information, accordingly, the un-
certainty of water resources systems due to parameters inputs randomness can 
be handled adequately using probability theory in case of sufficient data availa-
bility, while the uncertainty that attributed to imprecision can be solved appro-
priately using the capability of fuzzy set theory that allowing to translate the 
human experience in mathematical forms taking the shape of memberships func-
tions. 
2 Fuzzy Sets for Reservoir Operation  
Many trials have been done to apply fuzzy logic approach in reservoir operation 
field, a number of these applications have been discussed by Bardossy and 
Duckstien (1995), Shrestha et al. (1996), Russell and Campbell (1996), Panigra-
hi and Mujumdar (2000), Sirinivasa and Duckstein (2003) have tried to develop 
a fuzzy-rule base  reservoir operation model depending on reservoir operators 
different decisions based on “ IF-THEN” form, where the reservoir release deci-
sion takes  based on reservoir storage and estimated inflow, likewise,  Celeste et 
al.(2009) develop a stochastic reservoir operation model adopted the same “if-
then” approach to obtain the optimum release. 
Recent researches show a trend to apply the Neuro-Fuzzy techniques where a 
neural network capability can be employed to enhance the fuzzy sets capability, 
Ponnambalam et al.(2001,2003), Mehta et.al (2008) have applied this technique 
to derive the reservoir operating rules. 
3 Case Study Description 
Sennar reservoir was built in 1925 in Sudan to store and supply the Gezira irri-
gation scheme as a main purpose with a storage capacity of 930 Million m3 and 
maximum height of 40 m.  A set of 80 deep sluices and 72 spillways have been 
constructed to pass a maximum discharge of 11000 m3/s. In 1962 the first hy-
dropower station in Sudan has been installed with two turbines of 7.5 MW for 
each. After ratification of Nile waters agreement with Egypt, the government of 
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Sudan is authorized to build new reservoirs to meet the extension requirements 
of new irrigation projects. Accordingly, Roseires reservoir was built as a multi-
purpose reservoir for irrigation and hydropower generation 270 Km upstream 
Sennar with initial storage capacity of 3100 Million m3andfive deep sluices each 
passes a discharge of 1160 m3/s in addition to seven spillways pass 810m3/s with 
maximum discharge capacity around 6600 m3/s. An effective reservoir operation 
range of 14m is applied between the maximum level of 480m-raised to be 481m 
in 1979 due to reservoir sedimentation- and 467 as minimum level. 
The operation procedures for both reservoirs based on storing water during the 
flood season and use it later with slight changes concerning some specific prac-
tice differs from one reservoir to other, besides operating both reservoirs during 
rising period in a minimum operation level of 417.2 m and 467m to decrease 
sediment deposition for Sennar and Roseires reservoir respectively, therefore, 
the hydrological year for all reservoirs can be divided to four main periods: 
1. 1st to 31st   July - rising period; 
2. 1st to 20th   August - period just before peak; 
3. 21st August to 30th   September - peak period; 
4. 1st   October to 30th   June - recession and low flow periods. 
4 Model Formulation 
A fuzzy rule based model operates on “IF-THEN” principle, where “IF” 
represents the vector of fuzzy explanatory variable, and “THEN” the fuzzy con-
sequences, to apply this principles efficiently, a Fuzzy Inference System (FIS) is 
a control system built using fuzzy set theory based on combining the fuzzy sets 
from each rule through aggregation operator to get a fuzzy set result, then defuz-
zify the fuzzy set for each output variable. Two types of (FIS) can be applied in 
fuzzy logic, the most commonly and widely used Mamdani type (1977) and Ta-
kagi Sugeno type (1985); both methods are similar in many aspects; however the 
main difference between them is the output membership functions (MF) in Su-
geno type are linear or constant. Thus, since the output membership functions in 
this paper (namely reservoir release) are not necessarily linear, the FIS Mamdani 
has been adopted as it represents the output (release) more realistically, a sum-
mary of this type according to Mehta et.al (2008) is: 
1. Input and output variables fuzzification using a convenient linguistics 
subsets such as high, medium, low, heavy, light,.., etc.  
2. Based on expert knowledge and available information, IF-Then rules con-
structed to combine the linguistic inputs subsets to the output fuzzy sets 
using the logical conjunction such as “and, or”.  
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3. The implication part of fuzzy system is defined as the shape of the conse-
quent based on the premise (antecedent) part. 
4. Finally, to have a crisp value, the resulted fuzzy set is defuzzified using 
the appropriate defuzzification method such as centroid, bisector, etc. 
To apply these steps, three model variables of inflow, storage, and release of 
Sennar and Roseires reservoir have been analyzed before fuzzifing them to en-
sure achieving the most system representation. Accordingly, a stochastic Analy-
sis Model (Sveinsson, et.al (2007) (SAM), was used to derive the statistical pa-
rameters of reservoir inflow time series, mainly mean, standard deviation and 
skeweness by applying the Auto Regressive Moving Average ARMA (1, 1) 
technique in order to generate 1000 years’ monthly time series with 1000 scena-
rios for Blue Nile, afterwards,  MTALAB package (2012) has been used as it 
offers a very useful fuzzy logic tools based on two FIS types with wide range of 
solution alternatives and membership functions shapes.  
To cope with changes in future inflows due to climate changes that cannot cap-
ture by stochastic time series analysis, literature review of available studies in 
the region was done, however, owing to different research methodologies and 
perspectives, wide range of probable inflow changes has been observed which 
adds more uncertainty. For solving this problem; two climate change studies in 
the region have been adopted, namely Tidwell (2006) and Kim (2008) since they 
represent the most range of future change based on the following General Circu-
lation Models(GCM) as shown in table (1); HAD (developed at the Hadley Cen-
tre, UK), ECHAM (developed at Max Planck institute for meteorology, Germa-
ny), CGCM (developed at Canadian Centre for climate modeling and analysis), 
in addition to the Canadian,  Japanese, American, and Australian models of  
CAN, CCSR,GFDL, and CSIRO respectively. 
Table 1      Perspective climate change impacts on mean inflow (Tidwell 2006 and Kim 2008) 
 
GCM Model Future Change 
HAD A2a, HAD A2b, HAD A2c, 
HAD B2 
-10.2%,-14.4%,-
14.2%,-8.3% 
ECHAM A2, ECHAM B2 -26.5%,-15% 
CAN A2, CAN B2 -32.1%,-14.6% 
CCSR 80% 
CGCM -14% 
GFDL -13% 
CSIRO -32% 
Depending on statistical characteristics the Gaussian shape has been selected to 
fuzzify the inflow variable based on derived statistical parameters, accordingly, 
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four membership functions of low, mean, high mean, and high flow scenarios 
have been derived for both reservoirs, while the storage membership functions 
are based on available reservoir capacity before in addition to reservoirs sedi-
mentation analysis done by Abdallah et al (2012). it’s worth mentioning that; 
with continuing decreasing of reservoir capacity, it’s not easy to compromise 
different reservoir’s experts and operators opinions regarding the classification 
of storage state, therefore the trapezoidal membership function shape has been 
selected as it provides a good compromise in representing the opinions variation 
using three membership functions of minimum, normal, and maximum opera-
tion level storage in Roseires and Sennar. On the other hand, the reservoirs re-
leases capacities have been taken as boundary conditions for designing the re-
leases output member functions which have been taken trapezoidal shape same 
as storage. The current and future irrigation, hydropower and other demands, 
have been used to specify the three different membership functions of Mini-
mum, Mean, and Maximum release. 
On the other hand, to incorporate the human experience and transform the lin-
guistic variables to numbers, Mamdani Fuzzy Rule Based model has been for-
mulated using the reservoirs operation policy that adopted by MOIWR in addi-
tion to experience of reservoirs operators, hence, the general rule form can be 
defined as follow: 
IF (RESERVOIR INFLOW) AND/OR (RESERVOIR STORAGE) THEN 
(RESERVOIR RELEASE) 
The FIS rules are generated on monthly based depending on operation rules; 
however, some tactic rules within the same context have been applied depending 
on different operation circumstances and boundary conditions. 
5 Analysis and Results 
Mamdani FIS is applied to address two modeling issues: (1) the uncertainty of 
inflows and, (2) the imprecision in storage and release zones definition, these 
issues are solved using the Stochastic Analysis Model (SAM) and MATLAB 
software. 
Depending on the input variables values (inflow, storage); selected membership 
function shape, FIS rules based on operation policy, and centroid defuzzifica-
tion; output variable (release) is calculated. A monthly correlation between the 
input (storage) and output (release) variable have been extracted for Sennar and 
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Roseires reservoirs as shown in figure (1)and (2) respectively (all units in Mil-
lion m3).   
 
 
January                                        February                                         March
 
April                                               May                                               June
 
July                                               August                                           September
 
October                                       November                                       December 
Figure 1:Sennar Reservoir FIS Model results 
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Qt     average flow in m3/s 
h      average productive head difference 
Cp   overall efficiency coefficient 
Accordingly, average monthly hydropower productions obtained from fuzzy 
model of Sennar and Roseires reservoirs is shown in figure (3) and (4) respec-
tively. It can be noticed that, even with very low power generation during June, 
the fuzzy model starts promptly generating and conserves better power produc-
tion than observed one. 
 
Figure 3: Sennar annual fuzzy and actual hydropower production comparison  
 
Figure 4: Roseires annual fuzzy and actual hydropower production comparison  
5.2 Model Reliability  
Actual and obtained fuzzy model data in addition to calculated different water 
demands have been used perform a statistical and some frequency analysis, 
mainly, shortage probability and average shortage percentage for each month of 
simulation comparing to actual reservoirs releases to check the model perfor-
mance. Certainly, the guarantee of 100% supply does not exist, however, the 
low shortage probability and percentage means better performance and more 
reliability. 
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Sennar reservoir has the same purposes likewise Roseires, however, the tre-
mendous capacity decreasing increases the ability of reservoir to meet the water 
demands, accordingly the shortage probability is higher mostly in dry season 
where reservoir getting empty earlier as shown in figure (5). 
 
Figure 5: Sennar shortage probability 
 
To reduce the shortage probability, additional flows from Roseires are releasing, 
nevertheless, the shortage percentages are still relatively high as shown in figure 
(6), however, the fuzzy model demonstrates lowest shortage probability in all 
months likewise percentage except in October where the model shows tiny low 
value than actual with 22.57 and 22.17% respectively which attributed to the 
different filling schedule.  
 
Figure 6: Sennar average shortage percentage 
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On the other hand, as shown in figure (7), the shortage probability of actual re-
leases is higher considerably than the obtained from fuzzy model in most 
months except during February, April, and May which might be attributed to the 
additional required release for the irrigation schemes downstream to compensate 
the capacity deterioration of Sennar reservoir. 
 
Figure 7: Roseires shortage probability  
The fuzzy model shows in September, for instance, a shortage probability of 
0.25 comparing to 0.21 actual, this small difference because of proposing filling 
schedule which reflect the advantage of model to keep relatively low shortage 
probability between 0.05-0.3 for the next four months. This leads directly to de-
crease the fuzzy model average shortage percentage as shown in figure (8) com-
paring to the actual one even during the months percentage.
 
Figure 8: Roseires average shortage percentage 
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6 Conclusion 
A Fuzzy Inference System modeling for reservoir operation is developed taking 
into account the case of reservoirs in Sudan Sennar and Roseires reservoirs at 
Blue Nile-Sudan aims at improving the operation policy while considering the 
associated uncertainties. Three parameters of inflow, storage, and release have 
been analyzed after performing an inflow statistical analysis including the future 
climate change impacts in addition to comprehensive sedimentation analysis to 
determine the accurate real time reservoir capacities. 
The outputs of this analysis complemented by expert’s opinions that collected 
from personal interviews were applied in selecting and developing the appropri-
ate membership functions, afterwards, the current reservoirs operation policy 
was used to build the FIS rules using Mamdani type. 
The model results show a real improvement in hydropower generation between 
1-9% and 1-12% for Sennar and Roseires respectively, furthermore, the values 
of shortage probability and percentages have been calculated where the model of 
both reservoirs shows good performance in producing the low shortage probabil-
ity while satisfying the system’s demands, although some high shortage proba-
bility has been observed during dry seasons; the percentage of shortages was 
kept lower than the observed one in most cases. 
This result indicates the opportunity of applying fuzzy sets in reservoir operation 
competently, however, having good performance needs to carry out a compre-
hensive analysis in advance in addition to careful membership function selection 
in order to avoid the associated subjectivity in transforming the expert’s opi-
nions to numbers.   
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